Acetobacter pasteurianus is an aerobic Gram-negative rod that is used in the fermentation process used to produce the traditional Japanese black rice vinegar kurozu. Previously, we found that a hydrophobic fraction derived from kurozu stimulates Toll-like receptors to produce cytokines. LPSs, particularly LPS from A. pasteurianus, are strong candidates for the immunostimulatory component of kurozu. The LPS of A. pasteurianus remains stable in acidic conditions during the 2 years of the abovementioned fermentation process. Thus, we hypothesized that its stability results from its structure. In this study, we isolated the LPS produced by A. pasteurianus NBRC 3283 bacterial cells and characterized the structure of its lipid A component. The lipid A moiety was obtained by standard weak acid hydrolysis of the LPS. However, the hydrolysis was incomplete because a certain proportion of the LPS contained acid-stable D-glycero-D-talo-oct-2-ulosonic acid (Ko) residues instead of the acid-labile 3-deoxy-D-manno-oct-2-ulosonic acid residues that are normally found in typical LPS. Even so, we obtained a Ko-substituted lipid A with a novel sugar backbone, ␣-Man(1-4)[␣-Ko(2-6)]␤-GlcN3N(1-6)␣-GlcN(1-1)␣-GlcA. Its reducing end GlcN(1-1)GlcA bond was also found to be quite acid-stable. Six fatty acids were attached to the backbone. Both the whole LPS and the lipid A moiety induced TNF-␣ production in murine cells via Toll-like receptor 4, although their activity was weaker than those of Escherichia coli LPS and lipid A. These results suggest that the structurally atypical A. pasteurianus lipid A found in this study remains stable and, hence, retains its immunostimulatory activity during acetic acid fermentation. 2 The abbreviations used are: 3-OH, 3-hydroxy; Kdo, 3-deoxy-D-manno-oct-2ulosonic acid; TLR, Toll-like receptor; GlcN, glucosamine; ABEE, 4-aminobenzoic acid ethyl ester; GlcA, glucuronic acid; GlcN3N, 2,3-diamino-2,3dideoxyglucose; Ko, D-glycero-D-talo-oct-2-ulosonic acid; ESI, electrospray ionization; TOCSY, total correlation spectroscopy; NOESY, nuclear Overhauser effect spectroscopy; HSQC, heteronuclear single quantum coherence; KdoO, Kdo 3-hydroxylase; Ap-LPS, A. pasteurianus LPS; Ap-LA1, A. pasteurianus lipid A. SEPTEMBER 30, 2016 • VOLUME 291 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 21185
Vinegar can be made from various raw materials, such as grapes, apples, rice, and wheat, and is widely used as a flavoring agent and preservative. In Japan, vinegar is traditionally made from rice (1) . The fermentation process used to produce rice vinegar involves the saccharification of rice by the Koji mold Aspergillus oryzae, alcohol fermentation by the Sake yeast Saccharomyces cerevisiae, and the oxidation of ethanol to acetic acid by acetic acid bacteria such as Acetobacter pasteurianus. Lactic acid bacteria are also observed during the early and late stages of fermentation.
Black unpolished rice vinegar, kurozu, is a common traditional Japanese vinegar with a characteristic dark amber color. The fermentation process used to produce it usually requires 2 years of fermentation and aging. Most of the organisms associated with fermentation die off during this process, and so microbial components are expected to be present in the vinegar. Previously, we found that the hydrophobic fraction of kurozu, which was obtained by hydrophobic interaction chromatography, stimulates induction of cytokine production (2) . The immunostimulatory components in the fraction are expected to originate from the bacteria used in the fermentation process. We suspect that a lipoprotein and/or LPSs are responsible for the immunostimulatory effects of the fraction. The SDS-PAGE profile of the fraction displayed ladder patterns in the range from 15 to 75 kDa, and 3-hydroxy (3-OH) 2 fatty acids were found in it (2) , suggesting that it contains LPS as a Toll-like receptor 4 (TLR4) agonist candidate. The immunostimulatory LPS appeared to be derived from A. pasteurianus, an aerobic Gram-negative rod; however, its structure could not be elucidated because the fraction was composed of a complex mixture, and the immunostimulatory component seemed to be resistant to weak acid hydrolysis.
LPSs are outer membrane components of Gram-negative bacteria and exhibit immunostimulatory and inflammatory effects (3) . They are composed of a heterogeneous mixture of macromolecular amphiphilic compounds consisting of a polysaccharide part, a core oligosaccharide, and a glycolipid anchor * This work was supported in part by the Adaptable and Seamless Technology Transfer Program through Grant AS2111291E from the Japan Science and Technology Agency and Grants-in-Aid for Scientific Research 23510259 and 26350961 from the Japan Society for the Promotion of Science. The authors declare that they have no conflicts of interest with the contents of this article. 1 To whom correspondence should be addressed: Dept. of Chemistry, Biotechnology, and Chemical Engineering, Kagoshima University, Korimoto 1-21-40, Kagoshima 890-0065, Japan. Tel./Fax: 81-99-285-7742; E-mail: hassy@eng.kagoshima-u.ac.jp.
called lipid A (4) . The typical polysaccharide part consists of an O-antigen composed of a variable number of oligosaccharide repeating units. The structure of the polysaccharide section is extremely variable and is the main determining factor affecting the antigenicity of the LPS in the host. The core oligosaccharide region often contains L-glycero-D-manno-heptose, 3-deoxy-Dmanno-oct-2-ulosonic acid (Kdo), and several sugars. The lipid A moiety is known to be essential for the immunostimulatory effects of LPS on the mammalian immune system and has been shown to stimulate the TLR4-MD-2 complex (5) . The chemical structures of many types of lipid A have been characterized (6) . For example, the classical lipid A from Escherichia coli consists of a glucosamine (GlcN) disaccharide backbone, ␤-GlcN(1-6)␣-GlcN, together with phosphate groups at the O-1 of the reducing GlcN and the O-4Ј of the non-reducing GlcN, and six fatty acids, including four 3-OH fatty acids and two saturated fatty acids, branching off from the backbone. The polysaccharide section is linked to the core region, and the core is connected to the lipid A moiety by a ketosidic linkage of its reducing end Kdo residue (7) . In LPS, the ketosidic bond between the Kdo residue and the lipid A moiety is relatively acid-labile, and hence, the LPS can be cleaved into a hydrophilic polysaccharide and a small lipid A molecule by weak acid hydrolysis. However, the LPS in the hydrophobic fraction from kurozu retains its macromolecular structure in acidic conditions, at least during the 2-year fermentation process. Thus, we hypothesized that this stability is due to the structure of the LPS molecule. In this study, we isolated the LPS from A. pasteurianus and characterized the structure of its lipid A moiety and immunobiological properties.
Results
Isolation of A. pasteurianus LPS-An LPS preparation was obtained from A. pasteurianus NBRC 3283 bacterial cells by hot phenol-water extraction followed by hydrophobic interaction chromatography of the crude aqueous extract. The elution profile of the LPS preparation demonstrated a single hexosecontaining peak in the propanol gradient region (Fig. 1A) , and its SDS-PAGE profile displayed a ladder pattern after periodic acid oxidized silver staining, indicating that fractions 28 -48 FIGURE 1. Separation of LPS from A. pasteurianus bacteria. A, elution profile of phenol-water extract according to hydrophobic interaction chromatography. The extract was subjected to an Octyl Sepharose 4FF column and eluted with a linear gradient of 1-propanol. The collected fractions had their hexose contents analyzed. B, the SDS-PAGE profiles of each fraction. The components of the fractions were separated in 15% gel and visualized by periodic acid-silver staining. C, the NF-B activation induced by each fraction. The fractions were evaporated to remove the 1-propanol and dissolved in medium. Ba/B, Ba/mTLR2, or Ba/mTLR4/mMD-2 cells were incubated with each test specimen for 4 h. NF-B activation was measured with a luciferase assay.
contained LPS (Fig. 1B) . The NF-B activation assay showed that most of the above fractions stimulated TLR4 (Fig. 1C ). Thus, fractions 28 -48 were combined and designated as Ap-LPS. There were no LPS-like molecules in phenolic extract.
The immunostimulatory activity of Ap-LPS was investigated. Ap-LPS induced NF-B activation in the Ba/mTLR4 cells ( Fig.  2A ). However, the NF-B stimulatory activity of Ap-LPS was ϳ100-fold weaker than that of E. coli LPS (Fig. 2B ). Ap-LPS also induced very slight NF-B activation in the Ba/mTLR2 cells ( Fig. 2A ), probably because of Gram-negative bacterial lipoprotein contamination (8) . In addition, Ap-LPS induced TNF-␣ production in murine spleen calls ( Fig. 2D ). However, this activity was also considerably weaker (ϳ10 Ϫ3 ) than that of E. coli LPS.
Isolation of A. pasteurianus Lipid A-
The lipid A moiety is known to be responsible for the effects of LPS on the mammalian immune system. Therefore, Ap-LPS was subjected to weak acid hydrolysis to cleave the acid-labile Kdo bond and liberate the lipid A moiety. The hydrolysate was then partitioned using a solvent system composed of chloroform-methanol-water to obtain a hydrophobic fraction in the organic phase and a hydrophilic fraction in the aqueous phase. The TLC profile of the hydrophobic fraction demonstrated the existence of two main compounds (Fig. 3A) . The ESI-TOF-MS spectrum of the fraction, which was obtained in negative ion mode, displayed two major doubly charged pseudomolecular ions [M-2H] 2Ϫ at m/z 1083.2 and 1202.3 (Fig. 3B ). The fatty acids in the hydrophobic fraction mainly consisted of 3-OH fatty acids, i.e. 14:0(3-OH) and 18:0(3-OH), and 16:0 fatty acids in the ratio 1.8:2.0:1.0. Because 3-OH fatty acids are only found in the lipid A moiety of the LPS molecule, these compounds were considered to be lipid A components. Thus, the fraction was separated by preparative TLC to obtain two compounds, which displayed higher (R f 0.2, Ap-LA1) and lower (R f 0.1, Ap-LA2) mobility (Fig. 3A) . The ESI-TOF-MS spectrum of Ap-LA1 displayed a doubly charged ion at m/z 1202.3, and that of Ap-LA2 showed a doubly charged ion at m/z 1083.2. The mass difference between the ions was 238 units, which corresponded to a 16:0 fatty acid group. The ESI-TOF-MS spectrum of hydrazine-treated Ap-LA1, i.e. O-deacylated lipid A, displayed a doubly charged ion at m/z 850.8 (data not shown), indicating that Ap-LA1 contained two 16:0 fatty acids and one 14:0(3-OH) O-acylated fatty acid. These findings suggested that Ap-LA2 was an Ap-LA1 analogue that lacked a 16:0 fatty acid. Thus, the subsequent analyses were performed using Ap-LA1.
The immunostimulatory activity of A. pasteurianus lipid A was then investigated. Ap-LA1 induced NF-B activation in Ba/mTLR4 cells ( Fig. 4A) ; however, the activity of Ap-LA1 was ϳ100-fold weaker than that of E. coli lipid A molecule compound 506 ( Fig. 4B ). It did not induce NF-B activation in Ba/mTLR2 cells ( Fig. 4A ), suggesting that lipid A moiety is not responsible for the TLR2 stimulating activity in AP-LPS. Ap-LA1 induced TNF-␣ production in murine spleen cells ( Fig.  4D ). This activity was also considerably weaker than that of compound 506.
In SDS-PAGE, the hydrophilic fraction after weak acid hydrolysis of Ap-LPS still displayed a ladder-like pattern (Fig. 3C ). In addition, fatty acid analysis showed that the fraction contained 14:0(3-OH), 18:0(3-OH), and 16:0 fatty acids. These results indicated that the liberation of the lipid A moiety was incomplete. However, further weak acid hydrolysis did not alter the SDS-PAGE pattern of the hydrophilic fraction or liberate more lipid A. These results suggested that a proportion of the LPS molecules might use acid-stable D-glycero-D-talo-oct-2ulopyranosylonic acid (Ko) to bind the polysaccharide section to the lipid A moiety.
Structure of A. pasteurianus Lipid A-Sugar compositional analysis of Ap-LA1 was performed with the 4-aminobenzoic acid ethyl ester (ABEE) labeling method. In this method, 2,3diamino-2,3-dideoxyglucose (GlcN3N; 4.2 min), GlcN (6.7 min), and Man (13.2 min) were detected in HPLC profile using solvent A, and GlcA (5.6 min) and Man (10.2 min) were observed in solvent B. The absolute configurations of the sugars were determined by the (R)-2-butyl glycoside method. The main peaks of the derivatives of GlcA, Man, and GlcN in Ap-LA1 were detected at 9.35, 9.93, and 11.57 min, respectively, and determined as D-configuration by comparison with commercially available standard sugars. That of GlcN3N in ApLA was found at 11.98 min, and the elution time was agreed with that of GlcN3N in lipid A from Mesorhizobium loti (9) . However, the absolute configuration of GlcN3N could not be estimated because there is no available standard synthetic sugar.
The absolute configurations of the 3-OH fatty acids were determined by (R,S)-or (S)-phenylethylamide 3-methoxy derivatives. In the (R,S)-phenylethylamide derivatives of 3-OH fatty acids in Ap-LA, the peaks for 14:0(3-OH) were detected at 14.73 and 14.89 min, and those for 18:0(3-OH) were detected at 17.70 and 17.88 min, respectively. In the (S)-phenylethylamide derivatives, the peaks for 14:0(3-OH) and 18:0(3-OH) were found at 14.74 and 17.71 min, respectively. It was previously reported that the (S)-phenylethylamide derivative of (R)-3-OH fatty acid (designated as R-S) eluted faster than the (S-S)-derivative (10) . Because (S-S)-derivative is enantiomer of (R-R)-derivative, (S-R)-derivative elutes faster than (R-R)-derivative. These results showed that 3-OH fatty acid determined as R-configuration.
The molecular mass of Ap-LA1 was predicted to be 2406.6 from ESI-MS analysis (Fig. 3B ). In contrast, the molecular mass of estimated lipid A composed of found components, Man, GlcN3N, GlcN, GlcA, two 16:0, two 14:0 (3-OH), and two 18:0 (3-OH), was 2170.6. The mass difference between the observed (2406.6) and estimated (2170.6) was 236 units, suggesting that the isolated lipid A was composed of four sugars, six fatty acids, and an unidentified component(s), whose molecular mass is 236.
Thus, the structures of the lipid A backbone sugars were analyzed by NMR spectroscopy. Sections of their one-dimensional and two-dimensional NMR spectra are shown in Fig. 5 .
The 1 H and 13 C NMR spectra of lipid A were assigned using COSY, total correlation spectroscopy (TOCSY), NOESY, and heteronuclear single quantum coherence (HSQC), and the resultant data are summarized in Tables 1 and 2 . Five sets of sugar signals (A, B, C, D, and E) were observed in the COSY and TOCSY spectra of Ap-LA1 ( Fig. 5, A and B ). In spin system A, the two carbons at A2 and A3 displayed signals at ␦53-54 ( Fig.  5C ), indicating that sugar A had a 2,3-diaminohexose structure. These NMR data agreed with that of the 2,3-diacylated GlcN3N of lipid A (11) . The low field shifts of the protons at A2 and A3 compared with free NH 2 (12) were indicative of N-acylation at these positions. A ␤-linkage was assigned to the anomeric proton at ␦4.35 because of its relatively small 1 J C,H value (166 Hz) and its relatively large 3 J H,H value (8.1 Hz) (13, 14) . Other 3 J H,H values indicated the glucopyranosyl configuration. Thus, sugar A was determined to be ␤-GlcN3N. The characteristic singletlike signal of H1 in spin system B was indicative of mannopyranosyl configuration. The relatively large 1 J C,H value (175 Hz) of the anomeric position indicated that sugar B was ␣-Man. In spin system C, carbon C2 was shifted to ␦51.2, which was indicative of GlcN structure. The low field shifts of the protons at C2 and C3 were suggestive of N,O-acylation at these positions. An ␣-linkage was assigned to the anomeric proton at ␦5.06 because of its relatively large 1 J C,H value (181 Hz) and its relatively small 3 J H,H value (3.4 Hz). Other 3 J H,H values indicated the glucopyranosyl configuration. Thus, sugar C was considered to be ␣-GlcN. One proton at C6 was not detected probably because it should be under fatty acids signals around ␦3.94. Spin system D consisted of five protons and carbons, which was indicative of GlcA. The relatively large 1 J C,H value (179 Hz) and relatively small 3 J H,H value (3.6 Hz) of the anomeric proton suggested an ␣-linkage. Other 3 J H,H values indicated the glucopyranosyl configuration. Thus, sugar D was determined to be ␣-GlcA. Spin system E consisted of seven protons but did not contain an anomeric proton. The relatively small coupling constants for 3 J 3,4 and 3 J 4,5 and the very small one for 3 J 5,6 were indicative of a talo configuration. Furthermore, the 13 C NMR data of sugar E agreed with that of synthetic ␣-Ko derivatives (15) . These findings indicated that sugar E was ␣-Ko. The molecular mass of dehydrated form of Ko was 236 units, suggesting that the unidentified component in Ap-LA1 was Ko. This finding agreed with the above observation that some of the LPS remained stable during weak acid hydrolysis.
The inter-residual NOESY coupling from proton B1 to A4 suggested that a glycosidic linkage exists between the ␣-Man (B) and 4 position of ␤-GlcN3N (A) (Fig. 5D ). The downfield shift of the 13 C signal of A4 compared with 4-O-unsubstituted GlcN3N (9, 11) indicated that sugar A was a 4-O-substituted GlcN3N ( Table 2 ). The inter-residual coupling from A1 to C6 revealed the presence of glycosylation between ␤-GlcN3N (A) and the 6 position of the ␣-GlcN residue (C) (Fig. 5D ), and the downfield shift of the 13 C signal of C6 demonstrated that it was a 6-O-substituted GlcN ( Table 2 ). The NOESY coupling from C1 to D1/D5 and from D1 to C1/C5 indicated the presence of a glycosidic link between position 1 of ␣-GlcN (C) and position 1 of ␣-GlcA (D) (Fig. 5D ). Although no direct NOESY evidence for a link between the rest of the molecule and Ko (E) was observed, a slight (1.2 to 2.6 ppm) downfield shift was detected in the 13 C signal of A6 (9, 11, 16) , suggesting a Ko(2-6)GlcN3N linkage. These results indicated that the A. pasteurianus lipid A molecule contains the following sugar backbone:
To determine the fatty acid distribution of the lipid A molecule, Ap-LA1 was analyzed with tandem MS (Fig. 6A ). In the spectrum of the precursor ion at m/z 1202. 
Discussion
Most Gram-negative bacteria possess LPS molecules. In the majority of LPS, the polysaccharide part is covalently attached to the lipid A moiety by a reducing end acid-labile Kdo residue (7) . In this study, however, NMR spectroscopy detected Ko in the A. pasteurianus LPS. A. pasteurianus is used in the fermentation process used to produce vinegar (19) and is able to grow in acidic conditions. If A. pasteurianus possessed a Kdo-type LPS, then its LPS would be degraded during the abovementioned fermentation process as it takes place in acidic conditions. Therefore, the conversion of Kdo to Ko is considered to be necessary for bacterial survival in acidic conditions. Similarly, LPS from several bacteria, including Acinetobacter, Burkholderia, Yersinia, and Serratia, are known to utilize Ko instead of Kdo in their LPS (20) . The biosynthetic pathway responsible for this has not been well defined. Recently, Kdo 3-hydroxylase (KdoO), which replaces the proton at the 3 ax position of Kdo with an OH group to give Ko, was found in several bacteria including Burkholderia and Yersinia (21) . However, we could 
TABLE 1 1 H NMR chemical shifts and coupling constants of the sugar backbone components of Ap-LA1
The spectra were recorded at 600 MHz in CDCl 3 -CD 3 We were able to obtain lipid A molecules containing a single Ko residue from A. pasteurianus LPS by weak acid hydrolysis. This is first study to isolate a Ko-substituted lipid A molecule. We could not obtain the Ko-containing lipid A direct extraction of untreated Ap-LPS, suggesting that the Ko-containing lipid A was not a deep rough LPS but a part of a smooth type LPS. In many bacteria, the core region contains a L-␣-D-Hep II -(1-3)-L-␣-D-Hep I -(1-5)-[␣-Kdo II -(2-4)]-␣-Kdo I tetrasaccharide, and Kdo I forms a link with the lipid A moiety. In Burkholderia, Yersinia, and Serratia, only Kdo II is replaced by Ko (20) , and hence, these bacteria do not possess Ko-substituted lipid A molecules. Conversely, in Acinetobacter Kdo I is replaced by Ko (Ko I ), which is directly linked to lipid A; however, Ko I is substituted by Glc, which is used instead of Hep I in the core oligosaccharide main chain in Acinetobacter (20) . Thus, the Ko-substituted lipid A cannot be liberated by weak acid hydrolysis. However, Ko-GlcNol was isolated by strong acid hydrolysis (23) . The fact that we were able to liberate Ko-substituted lipid A from A. pasteurianus LPS in the present study suggests that Kdo I is replaced by Ko I and an additional Kdo (Kdo a ) may be present in the core oligosaccharide main chain, which gives the following structure: core sugars-Kdo a -Ko I -lipid A. In addition, the existence of acid-resistant LPS (Fig. 3C) suggested that a certain proportion of the Kdo a residues may be replaced by Ko. Conversely, we did not observe lipid A molecules without any Ko substitution, indicating that the conversion of Kdo I to Ko I was almost complete. A similar core structure was previously observed in Acinetobacter baumannii NCTC 10303 (24), although Kdo was not substituted for Ko in this molecule. Thus, the structure of the core region of A. pasteurianus NBRC 3283 LPS seems to be rare.
In addition, we detected a novel ␣-Man(1-4)␤-GlcN3N(1-6)␣-GlcN(1-1)␣-GlcA sugar backbone structure in A. pasteurianus LPS (Fig. 6B ). This structure is quite different from that of classical E. coli type lipid A (compound 506), i.e. the nonreducing end GlcN residue in the backbone disaccharide has been replaced with a GlcN3N residue, and the phosphate groups found at the O-1 position of the reducing end GlcN and the O-4Ј position of the non-reducing end GlcN in compound 506 have been substituted for GlcA and Man residues, respectively. Because phosphate groups are relatively acid-labile, and trehalose-type glycosidic linkages are acid-stable, the above changes might represent adaptations to an acidic growth environment. Only a few atypical lipid A structures have been reported previously. GlcN3N(1-6)␣-GlcN lipid A structures were found in Flavobacterium and Arenibacter (25, 26) . In addition, a non-reducing end O-4Ј Man substitution was detected in Bradyrhizobium (27) , and a reducing end O-1 GlcA substitution was found in Azorhizobium (16) . These bacteria are often found in soil or water. Although the biological roles of these atypical lipid A molecules are unknown, they might be required for survival in particular habitats.
Previously, Taniguchi et al. (28) reported that LPS from Acetobacter aceti, an acetic acid bacterium that is similar to A. pasteurianus, induced nitric oxide and TNF production in macrophages via TLR4. We also found that LPS/lipid A from A. pasteurianus stimulated TLR4 to induce NF-B activation and cytokine release ( Figs. 2 and 4 ). However, their effects were significantly weaker than those of E. coli LPS/lipid A. Because lipid A is essential for the immunostimulatory activity of LPS (4), the atypical structure of A. pasteurianus lipid A might be responsible for its weak activity. The structure-activity relationships of lipid A have been investigated using E. coli lipid A. The minimal requirement for potent cytokine-inducing activity is a compound 506-type structure, i.e. two gluco-configured hexosamine residues, two phosphate groups, and six fatty acids. Partially structurally deficient lipid A molecules are less active or inactive. In particular, the number of phosphate groups and the number and length of the fatty acyl groups significantly influence the activity of lipid A molecules. However, it should be mentioned that although atypical lipid A molecules were considered to exert weak biological activity because of the weak activities of the corresponding LPS (29, 30) , the activity of isolated lipid A molecules has not been directly investigated. In this study, we demonstrated the biological activity of isolated A. pasteurianus lipid A (Fig. 4) . As a result, we found that it displayed 100 -1000-fold weaker activity than E. coli lipid A compound 506. This reduction in activity might have been mainly caused by the replacement of the non-reducing end phosphate group with a Man residue. Studies of synthetic carboxymethylated lipid A (31, 32) have suggested that the carboxylate group belonging to the reducing end GalA residue is responsible for the residual activity of A. pasteurianus lipid A. Conversely, the longer fatty acyl groups of A. pasteurianus lipid A might be responsible for its diminished activity.
In conclusion, we isolated the A. pasteurianus LPS molecule and elucidated the chemical structure of its lipid A moiety. As a result, we found that the A. pasteurianus lipid A molecule possesses a novel and quite atypical backbone structure that contains Man, GlcN3N, and GlcA and is connected to the core region of the LPS molecule via a Ko residue instead of a Kdo residue. In addition, it is considered to be more acid-stable than typical LPS. We also demonstrated that A. pasteurianus LPS/ lipid A possessed moderate immunostimulatory activity in comparison with those of E. coli. because of its atypical structure.
TABLE 2 13 C NMR chemical shifts and coupling constants of the sugar backbone components of Ap-LA1
The spectra were recorded at 151 MHz in CDCl 3 -CD 3 
Experimental Procedures
Bacterial Strain and Bacterial Components-A. pasteurianus NBRC 3283 was obtained from the National Institute of Technology and Evaluation Biological Resource Center (Chiba, Japan). The bacteria were cultured in No.804 broth, which consisted of 0.5% polypeptone, 0.5% yeast extract, 0.5% glucose, and 0.1% magnesium sulfate heptahydrate, at 37°C for 2 days. The bacterial cells were harvested by centrifugation and then washed three times with saline. After being lyophilized, the cells were subjected to phenol-water extraction to obtain a crude extract in the aqueous phase (33) . The crude extract was digested with DNase and RNase and then with proteinase K to obtain crude LPS. The digest was subjected to hydrophobic interaction chromatography on an Octyl Sepharose 4FF column using a method similar to that described previously (34) to obtain an LPS preparation.
FSL-1, a synthetic diacylated lipopeptide that acts as a TLR2 ligand, was purchased from EMC Microcollections (Tübingen, Germany). E. coli O111:B4 ultrapure LPS (InvivoGen, San Diego, CA) was used as a TLR4-specific ligand. The E. coli-type lipid A compound 506 was synthesized as described previously (35) . Isolation of Lipid A-The LPS preparation was hydrolyzed with 0.6% acetic acid at 105°C for 2.5 h. The hydrolysate was then partitioned using a solvent system composed of chloroform-methanol-water (2/1/3, v/v/v) to yield a hydrophobic fraction in the organic phase and a hydrophilic fraction in the aqueous phase. The hydrophobic components were separated by Silica Gel 60 TLC as described below to obtain the lipid A fraction. De-O-acylation was performed by anhydrous hydrazine treatment according to the previously described method (36) .
Analytical Methods-Hexose content was measured using the anthrone-sulfuric acid assay (37) . Analytical SDS-PAGE was performed with the Tris-glycine method (38) . The gels were visualized with Coomassie Brilliant Blue or periodic acidsilver staining (39) .
Sugar composition was analyzed using the ABEE method (40) . The target samples were hydrolyzed with 4 M TFA at 100°C for 6 h and then labeled with ABEE using the standard method. The labeled sugars were analyzed with an LC-10 HPLC system (Shimadzu, Kyoto, Japan). Namely, the ABEE-labeled sugars were injected into a Honenpak C18 column (4.6 ϫ 75 mm; J-oil mills, Tokyo, Japan), eluted with solvent A (0.02%TFA-acetonitrile; ratio: 90/10, v/v) or B (0.2 M potassium borate buffer, pH 8.9, acetonitrile; ratio: 93/7, v/v) at 45°C at a flow rate of 1.0 ml/min, and then had their fluorescence detected (excitation: 305 nm, emission: 360 nm). Man, GlcN, and glucuronic acid GlcA were used as standard sugars. Standard GlcN3N was obtained from the hydrolysate of M. loti lipid A (9, 11) .
The absolute configurations of the sugars were determined by the (R)-2-butyl glycoside method (41) . The target samples were hydrolyzed with 4 M TFA at 100°C for 6 h or 6 M HCl at 100°C for 18 h and then N-acetylated with pyridine-acetic anhydride-methanol. The monosaccharides were labeled with (R)-2-butanol as described. The labeled sugars were analyzed with an GCMS-QP2010 system (Shimadzu) equipped with a DB-5 capillary column (0.25 mm ϫ 30 m; Agilent, Santa Clara, CA). The temperature program was initially 150°C for 1 min and then raised to 300°C at a ramp rate of 10°C/min; final time was 14 min.
Fatty acids were analyzed according to the methyl ester method (42) . The target samples were methanolyzed with 5% hydrogen chloride-methanol at 100°C for 3 or 18 h. The resultant fatty acid methyl esters were analyzed with a GC-2010 Plus (Shimadzu) equipped with a DB-1 capillary column (0.25 mm ϫ 30 m; Agilent). The temperature program was initially 80°C for 2 min and then raised to 290°C at a ramp rate of 8°C/min; final time was 15 min.
The absolute configurations of the 3-OH fatty acids were determined by (S)-phenylethylamide 3-methoxy derivatives (10). The above methanolyzed fatty acids were etherified with trimethylsilyldiazomethane, hydrolyzed the methyl ester, and then labeled with (R,S) or (S)-phenylethylamine using the described method. The phenylethylamide 3-methoxy derivatives were analyzed with the GC-MS system equipped with a DB-1 capillary column. The temperature program was initially 150°C for 1 min and then raised to 325°C at a ramp rate of 10°C/min; final time was 14 min. Analytical and preparative TLC were performed on a TLC plate (No. 5715; Merck) using a solvent system consisting of chloroform-methanol-water (65/ 25/4, v/v/v), and the resultant spots were visualized with anisaldehyde-sulfuric acid reagent.
Luciferase and Cytokine Assay-Ba/F3 cells that stably expressed p55IgLuc, an NF-B/DNA binding activity-dependent luciferase reporter construct (Ba/B), murine TLR2 and the p55IgLuc reporter construct (Ba/mTLR2), or murine TLR4/MD-2 and the p55IgLuc reporter construct (Ba/ mTLR4) were kindly provided by Prof. K. Miyake (Institute of Medical Science, University of Tokyo, Tokyo, Japan). The NF-B-dependent luciferase activity of these cells was determined as described previously (43) . The results are shown as relative luciferase activity, which was determined as the ratio of stimulated to unstimulated activity.
Eight-week-old male BALB/c mice were obtained from Kyudo (Kumamoto, Japan). The animals received humane care in accordance with our institutional guidelines (approved as SE11002 at Kagoshima University) and the legal requirements of Japan. Mouse spleen cells were obtained from healthy BALB/c, suspended in RPMI1640 supplemented with 10% FBS, and distributed in 96-well plates at a density of 1 ϫ 10 6 cells/ well. The cells were stimulated with the indicated concentrations of the test specimens in culture medium at 37°C for 4 h, and then the culture supernatants were collected. The cell supernatants were subjected to the cytokine assay using an ELISA kit for secreted TNF-␣ (R&D Systems, Minneapolis, MN). The concentrations of TNF-␣ secreted from the cells were determined using the standard curves for recombinant cytokines prepared in each assay. The results are shown as the means Ϯ S.E. of the mean obtained from three independent experiments.
NMR Spectroscopy and Mass Spectroscopy (MS)-1 H and 13 C NMR spectra were measured at 600 and 151 MHz, respectively, on a JMN-ECA600 spectrometer (JEOL, Tokyo, Japan) equipped with an HX5 indirect detection gradient probe were obtained at 293K in CDCl 3 -CD 3 OD-D 2 O (6/4/1, v/v/v). Chemical shifts are expressed in ␦-values using CHD 2 OD (␦ 3.31) as an internal standard for the 1 H NMR spectra and CHD 2 OD (␦ 49.0) as an internal standard for the 13 C NMR spectra. The signals were assigned using COSY, TOCSY, NOESY, and HSQC spectroscopy. Coupling constants were determined by one-dimensional 1 H NMR in combination with J-resolved spectroscopy.
ESI-TOF-MS spectra were obtained using a Mariner instrument (AB SCIEX, Framingham, MA) in negative ion reflector mode. Tandem mass spectra were obtained in collision-induced dissociation mode using argon as the collision gas and a Q-STAR XL instrument equipped with a nanospray source (AB SCIEX) in the negative and product ion scan modes. The collision-induced dissociation parameter was Ϫ63 V for CE and 5 psi for CAD. The samples were dissolved in chloroform-methanol-water (6/4/1, v/v/v) and injected using a syringe pump or nanospray tip (Humanix, Hiroshima, Japan). 
